ABSTRACT Jojoba (Simmondsia chinensis [Link] Schneider) is an important crop in desert climates. A relatively high frequency of periods of chilling and high photon flux density (PFD) in this environment makes photoinhibition likely, resulting in a reduction of assimilation capacity in overwintering leaves. This could explain the low net photosynthesis found in shoots from the field (4-6 micromoles per square meter per second) when compared to greenhouse grown plants (12-15 micromoles per square meter per second). The responses of photosynthesis and stomatal conductance to changes in absorbed PFD and in substomatal partial pressure of CO2 were measured on jojoba leaves recovering from chilling temperature (40C) in high or low PFD. No measurable gas exchange was found immediately after chilling in either high or low PFD. For leaves chilled in low PFD, the original quantum yield was restored after 24 hours. The time course of recovery from chilling in high PFD was much longer. Quantum yield recovered to 60% of its original value in 72 hours but failed to recover fully after 1 week. Measurements of PSII chlorophyll fluorescence at 77 K showed that the reduced quantum yield was caused by photoinhibition. The ratio of variable to maximal fluorescence fell from a control level of 0.82 to 0.41 after the photoinhibitory treatment and recovery was slow. We also found a large increase in net assimilation rate and little closure of stomata as CO2 was increased from ambient partial pressure of 35 to 85 pascals. For plants grown in full light, the increase in net assimilation rate was 100%. The photosynthetic response at high CO2 concentration may constitute an ecological advantage of jojoba as a crop in the future.
The evergreen xerophyte jojoba is a promising industrial crop for the liquid wax contained in its seeds. It grows in harsh conditions and has the potential for domestication in semiarid regions (7, 22) .
One of the major problems with jojoba as a crop plant is the very slow growth (relative growth rate = 0.012 g g-' d-') either in field (3) or in optimized greenhouse conditions ( 19) . This is due in part to a relatively high partitioning of carbon to the roots (root:shoot ratio ranging around 0.89) and in part to a low A3. In the absence of concurrent environmental ' Research supported in part by special grant I.P.R.A., subproject 1,paperNo. 1731. 2 Current address: Department of Botany, University of Wisconsin, Madison, WI 53706.
3Abbreviations: A, net CO2 assimilation rate; vpd, vapor pressure difference between leaf and air; g., stomatal conductance; Rubisco, ribulose 1,5-bisphosphate carboxylase; RuBP, ribulose 1,5-bisphosphate.
stresses, A ranges from 3 to 6 ,umol m-2 s-' in field-grown plants and from 12 to 15 umol m-2 s-Iin greenhouse-grown plants (1, 6, 20) . This growth habit may be adaptive for jojoba for survival in dry environments, but it is wasteful in horticultural conditions.
One possible reason for the slow growth rate of jojoba is the frequent occurrence in drylands of winter chill, especially if combined with clear skies. At low temperatures, light levels exceed what can be used in photosynthesis and in many plants this coincidence of events (low temperature and high PFD) results in a long-term reduction of photosynthetic capacity.
In Mediterranean evergreens, chilling and high PFD cause strong photoinhibition. This effect is much more significant than with chilling or high PFD treatments alone. Repeated exposures produce additive effects, and these effects are not caused by photooxidation of Chl (4) . We investigated the occurrence of photoinhibition in jojoba by subjecting potted plants to low temperature and high PFD and report here the measurements of leaf gas exchange properties. Chl content was determined on leaf discs according to Arnon (2) .
MATERIALS AND METHODS

Growth
Gas Exchange Measurements
We used an open gas exchange system with controlled temperature, PFD, C02, and H20 vapor (21) . In detail, shoots with 4 to 6 nodes were inserted in a 3-L glass and aluminum 1580 chamber thermoregulated by a coupled thermoelectric (Melcor, Trenton, NJ) and water circulation system. A fan (Micronel) stirred the air inside the cuvette, maintaining a boundary layer conductance to diffusion of 3 mol H20 m-2 s-' at 25°C. A mass flow controller (Matheson, East Rutheford, NJ) was used to regulate and keep a constant gas flow ratio into the chamber, mixing CO2 with C02-free air. Leaf temperature was checked by a copper-constantan thermocouple pressed against the abaxial side of the leaf. The The term gw (mesophyll or internal conductance) is used here to mean the combination of intercellular air space gas phase diffusion, which is a function of the square of leaf thickness (16) , and liquid phase permeability to C02, which depends on the internal surface area ratios and wall thickness (16) .
The model for estimating gw relies on the following assumptions: carboxylation should be limited by electron transport capacity and specificity of Rubisco should be as reported for other C3 plants (5) . The first condition is easily met at pi higher than Pa (19 Figure 6 are taken from the experiment described in Figure 5 , using online gas exchange data and subsequent computer evaluation after the measure without any further treatment of data. In visual terms, the A/ pi actual response is flattened by the introduction of the g4 term until an A/pc relation similar to C3 models (11) is obtained. The probability of systematic errors linked to alternative paths of photorespiratory substrates to nitrogen metabolism or to variations in light respiration processes is small (10) .
This approach matches the confidence limits ofother methods (10) and allows determinations of gW without long-term nitrogen starvation experiments or mass spectrometry of stable isotopic ratios of the CO2 processed by leaves (10) .
Light Response
Quantum yield measurements were made by simultaneous measurement of gas exchange and light absorption inside an Ulbricht sphere (13) . A PFD sensor inside the sphere measured the incident radiation. Radiation absorbed by leaves was calculated by subtracting the signal obtained in presence of leaves from that obtained in the empty sphere. As quantum yield is the ratio between assimilation rate of a leaf surface divided by the radiation absorbed by the same surface, the simultaneous measurement of light absorption and net CO2 exchange eliminates surface area measurement errors. In the case of partially twisted leaves found with jojoba, this gives substantially increased reliability of quantum yield determination. Five different measurements of A were made between the compensation point and a PFD of 100 ,umol m2 s'.
Fluorescence Measurements
Leaf discs (10 mm diameter) were cut from leaves of controls and plants recovering from the combined high lightlow temperature stress. Each leaf disc was maintained in the dark for 10 (1, 22) . Thirty-hour treatments simulated long and additive periods of exposure to the stress and served to amplify the stress effect that naturally occurs. During treatments, vpd was maintained in the range of 0.8 kPa to avoid indirect effects of water stress which can be induced by having the roots cooler than the leaves or by removal of humidity from the air by the heat exchanger.
Xylem water potential was determined using a Scholander pressure bomb on twigs freshly cut. Twig water potential was -2.2 ± 0.3 MPa at the start of the experiment, -2.1 ± 0.2 MPa in low light treatments and -2.4 ± 0.4 MPa in high light treatments as determined by twig sap emission under pressure. Young apices showed loss of turgor when chilled under both light levels but recovered within 1 h in both cases and there were no recognizable differences among plants within 1 h of the treatment end.
RESULTS
Light Response
Plants grown at 900 ,umol m-2 s-' PFD showed a clear photoinhibition when the chilling treatment was conducted in high light. Quantum yield of controls was 0.059 mol CO2 mol', photons in ambient CO2 and 02 (Fig. la) . No photosynthesis was detectable immediately after the treatment. After a 24-h recovery from chilling in high PFD, the quantum yield was 0.025 and after 72 h from the end of the treatment it was 0.036. Even after one week of recovery (data not shown), the quantum yield was only 0.047. The light compensation point was 29 ,umol m-2 s-' in controls. However, after 24 h of recovery from chilling in high PFD, we found a compensation point of 120 ,umol m-2 s-' and, after 72 h, it was 80 ,mol m-2 s-'. The ratio A/gs was maintained constant by a coordinate reduction on stomatal conductance (Fig. lb) . This ratio was 58.3 ± 1.4 x 10-6 mol mol-' after 24 and 72 h of recovery. In fact, variations in p, were not significant (Fig. lc) . Chl content per unit area was constant among treatments (data not shown) as observed in Xanthium strumarium after chilling (9) . We observed a more rapid and a complete recovery when leaves were treated by chilling in low PFD (Fig. 2) . Quantum yield was 0.052 before the treatment and 0.034 after 10 h of recovery from chilling in low PFD (Fig. 2a) . Recovery was complete after 24 h. Moreover, over half the loss observed (Fig. 2b) .
Shading could be effective in avoiding photoinhibition in high PFD. Leaves from control plants grown in shade (200 ,umol m-2 s-' of PFD) showed a lower light compensation point and similar quantum yield as those grown in full light. However, at higher PFD the light conversion efficiency was greatly reduced (Fig. 3a) . At 800 ,umol m-2 s-' of absorbed PFD, the A of shade grown leaves was 35% less than that of full-light-grown leaves. Part of this effect was caused by a significantly lower stomatal conductance (Fig. 3b) . At least 40% of the observed reduction was caused by a lower pi (Fig.  3c) slope, and A at a pi of 60 Pa were significantly less in shadegrown plants than in plants grown at high PFD (Fig. 4) .
Plants grown in high light maintained this steep response to CO2 at high pi over a range of conditions, even after photoinhibitory treatments and chilling. However, both treatments quenched photosynthesis (Fig. 5) . Assimilation rates near 30 ,mol m-2 s-' at a pi of 85 Pa were observed in controls. Recovery following chilling treatment was again faster. In fact, 60% of the original A was reached after 32 h by chilled plants but only after 72 h by photoinhibited plants (Fig. 5, a and c) . Stomatal reactivity to stresses was again higher following the treatment of photoinhibition with chilling temperatures (Fig. 5d) relative to the chilling in low light (Fig. 5b) . .
To estimate the extent of the internal diffusive resistance, we assumed that in high CO2 the rate of RuBP use is constant. This was already seen in C3 plants in which rapid killing in liquid N2 and metabolite analysis are possible ( 19) . As detailed in "Materials and Methods," the rate of RuBP consumption can be calculated from gas exchange results (1 1) concerning A and the CO2 partial pressure inside the chloroplast (Pc). In most herbaceous plants, Pc is taken to be equal to Pi. However, in wheat and in some evergreens, a difference has been measured between these partial pressures, and this difference is thought to be related to internal diffusive resistance to CO2 (10, 16) . We introduced a diffusive term called mesophyll conductance (gg ) in order to lower Pc according to the relation Pc = pi -A/gm (16) . This procedure was repeated until the assumption about constant RuBP use was satisfied.
A very low g,, was seen in all conditions (Fig. 6 ) with values for jojoba one-fifth to one-eighth those reported for wheat (10) . Leaf thickness and wall structure in jojoba (1) may be responsible for these low values. After 24 h of recovery no difference in g, was apparent between plants photoinhibited under chilling temperatures and plants overcoming the chilling treatment.
Fluorescence Response
Photoinhibition in low temperature caused a strong and persistent reduction of most fluorescence parameters. After 24 h of recovery, the Fv/Fm ratio of stressed plants was 56% of the ratio observed in control plants (Fig. 7) . The Fm quenching was even stronger as a result of the stress. After 24 h of recovery we observed a reduction of 65% in the Fm of the stressed plants relative to controls (not shown). Only a small and erratic increase of F0 was apparent 4 h after treatment. However, after 24 h of recovery there was no statistically significant difference between the F,) of controls and stressed plants.
DISCUSSION
The reduction in A caused by the photoinhibitory treatment was higher and more persistent than that caused by chilling in low light. The possibility that in plants grown in high PFD the reduction of light conversion efficiency was due to more closed stomata seems to be excluded by the values reported in Figure  1 .
However, one possible explanation for the gas exchange characteristics observed here is the occurrence of patchy stomatal closure. Areoles that are fully closed can produce a lowering of the CO2 response curve similar to wall resistance effects as shown by Terashima et al. (18) in detached leaves of heterobaric dicots. Although we cannot exclude this possibility, the effect of patches seems to be limited in homobaric leaves and can be detected only when high vpd (F Loreto, unpublished results) or water stress ( 17) are induced.
Since the main limitation of chilling conditions in high light appears to be nonstomatal, we tried to determine the relative importance of these nonstomatal effects (internal conductance losses and electron transport capacity).
The gas exchange characteristics observed can be caused by a very low permeability to CO2 from the stomatal cavities to the chloroplast stroma. This resistance reduces the CO2 partial pressure in the stroma, changes the slope of A/pi curves, and have been measured in C3 grasses (10) .
We believe that the low gg. we found in jojoba can explain the continuous increase in A at high CO2 partial pressure.
The low gg! can also be a component of reductions observed in photosynthesis of stressed plants. However, the difference between the gM, of control plants and that of stressed plants (Fig. 6) cannot fully explain the reduction in photosynthesis of stressed plants and the differences between treatments.
Reductions in both F,/Fm ratio ( Fig. 7 ) and quantum yield (Fig. la) was high and persistent in plants overcoming combined high light-low temperature treatment. Thus, the observed reductions in efficiency in our photoinhibitory conditions could be related to a limited capacity of energy conversion by photosystems at high PFD (8) . This may depend either on PSII light harvesting complex density and activity (12) , or on lesser activity of the PSII core in high PFD ( 15) .
The recovery from harsh treatment conditions indicates a resistance in jojoba to these stresses compared to several C3 and C4 plants (4) . Although jojoba shows more resistance to chilling in high PFD than Mediterranean evergreens, it is vulnerable to chilling-dependent photoinhibition under these experimental conditions.
Plant protection through shading could be important if chilling in low PFD does not produce the long lasting effects described for chilling in high PFD (Fig. 2) . However, after chilling in low light, stomatal sensitivity to PFD is affected more than other components of the assimilatory chain. This is similar to the low pi found in several alpine evergreens (14) when grown under natural chilling conditions.
Plants grown under permanent shading were found to reduce their photosynthetic performances even in the absence of stress conditions (Fig. 3) relative to plants grown in high light. Changes in the initial slope of the A/pi curve (Fig. 4 ) are similar to cases described for spinach (Spinacia oleracea L.), wheat (Triticum aestivum L.) (5), and bean (Phaseolus vulgaris L.) (19) for plants conditioned in various light regimes. In wheat and bean, a reduction of Rubisco activity and activation are responsible for this reduction. Continuous shading seems therefore impossible because ofthe reduced Rubisco activity. However, shading only in winter will enhance growth if the avoidance of photoinhibition outweighs the reduced Rubisco activity.
Wardlaw et al. (20) hypothesized that jojoba has a restricted export capacity in all conditions in order to maintain a high leaf solute potential. This may be useful in keeping high water content, therefore resulting in low photosynthetic rates. However, since very high rates of A can be maintained for hours in leaves at high CO2 in our gas exchange experiment, we believe that the export capacity ofjojoba is not restricted.
The low gw together with the absence of stomatal closure at high CO2 makes jojoba a very interesting crop. Our results indicate that jojoba will respond strongly to the increasing CO2 concentration in the atmosphere, thus improving its value in the future.
